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High-quality l-MnO2 single-crystal films were fabricated on MgO~001! substrates by
plasma-assisted molecular beam epitaxy. The structural characteristics and magnetic properties of
the films were studied. Two magnetic transition temperatures, T1 and T2, were observed from the
films. Their magnetic behavior differed from that of bulk polycrystalline samples synthesized by
removing Li ions from the parent LiMn2O4. The first, T1, setting at around 20 K, corresponded to
long-range antiferromagnetic ordering similar to that observed in bulk at 32 K. T2, set at 43 K,
corresponded to weak long-range ferromagnetic ordering among net magnetization of clusters, in
which short-range antiferromagnetic ordering existed. T1 shifted to lower temperature with
decreasing film thickness, which indicated that the proximity of the interface and strain played a key








































Since Hunter1 reported thatl-MnO2, a phase of Mn
oxides, could be prepared by removing Li ions from spin
LiMn2O4 while retaining the structure of the parent pha
only a few articles have been reported on the structural, e
trochemical, and magnetic properties of bulk spin
l-MnO2.
2–5 In spinel structure, Mn ions occupy the octah
dral sites and their magnetic sublattice consists of
pyrochlore-type array of corner-shared tetrahedral, whic
an ideal candidate for geometrical frustrated magn
structures.6–8 However, all of these reportedl-MnO2
samples were synthesized by electrochemical delithiatio
acid leaching, where some of the Li ions remained in
samples. Consequently, some of the inherent propertie
the purel-MnO2 structure might be modified by Li ions o
induced Mn31 ions. Meanwhile, it is unclear whether th
spinel l-MnO2 can be stabilized without Li ions. Hence
fabricating high-qualityl-MnO2 single crystals or films is
needed to clarify intrinsic magnetic characteristics and to
plore possible applications. In the present article, plas
assisted molecular beam epitaxy~MBE! was used to grow
l-MnO2 high-quality single-crystal films for studies of the
structure and magnetic properties. Meanwhile, a compar
of their magnetic properties with bulk polycrystallin
samples prepared by Li ion removal is also given.
II. EXPERIMENT
l-MnO2 films were grown on MgO~001! substrates by
plasma-assisted MBE under well-controlled growth con
a!Author to whom correspondence should be addressed: electronic
lwguo@aphy.iphy.ac.cn3510021-8979/2001/90(1)/351/4/$18.00















tions. Since MBE relies on nonequilibrium thermodynam
processes, the growth of materials in a metastable phas
facilitated by careful control of growth conditions. By redu
ing the growth rate to less than 2 nm/min, high-qual
l-MnO2 single-crystal films were grown on MgO~001! sub-
strates. The detailed preparing of MgO substrate and gro
process of Mn oxides were described elsewhere.9 The struc-
tural properties and surface morphology ofl-MnO2 films
were characterized by x-ray diffraction~XRD!, extended
x-ray absorption fine structure~EXAFS! and atomic force
microscopy~AFM!. Magnetic properties of the films wer
measured using a superconducting quantum interference
vice magnetometer. Magnetic field applied parallel to t
growth plane of the films.
III. RESULTS AND DISCUSSION
The XRD patterns of the films suggest that the films a
single crystals with a face-centered cubic structure. The
tice constant is estimated to be about 8.4 Å~nearly twice of
the MgO substrate!. The films are@001# oriented with the
@100# ~or @010#! axis being parallel to the@100# ~or @010#!
axis of the MgO substrate, if a unit cell of face-center
cubic lattice is adopted. The EXAFS result showed that
Mn K-edge absorption curve of the film was similar to that
LiMn2O4. However, the absorption edge ofl-MnO2 film
shifted slightly to higher energy compared with that of t
LiMn2O4 reference sample. The observed higher absorp
edge in thel-MnO2 film is consistent with the higher chem
cal valence of its constituent Mn ions (Mn14) than that
(Mn13.5) in LiMn2O4, since position of absorption edge co
relates closely with the average effective charge on the
ions. However, it should be noted that the lattice constan
il:© 2001 American Institute of Physics




































352 J. Appl. Phys., Vol. 90, No. 1, 1 July 2001 Guo et al.the film was 4.3% larger than that of bulk crystal, 8.04 Å.
is likely that the film is strained due to lattice mismatch w
the MgO substrate, since the film thickness ranging from 1
to 400 nm is not thick enough to relax the whole strain. F
all of the l-MnO2 films, their surface was flat. Howeve
some of the films contained pits on the surface, as show
Fig. 1~a!. It is seen that the edges of the pits are all paralle
either the@110# or @2110# direction of the MgO substrate
which reflects the inherent structure ofl-MnO2. In l-MnO2
structure, the sublattice of oxygen atoms forms an ed
shared octahedron arrangement which results in a ch
shaped array in the~001! plane as schematically depicted
Fig. 1~b!. Note that the chains are aligned along the@110# ~or
@2110#! of MgO. Since the atomic bonding between diffe
ent chains is weak, the pits begin to from once the bonds
broken. Figures 1~a! and 1~b! indicate that the surface mor
phology is closely dependent on the crystal structure.
FIG. 1. ~a! AFM images of al-MnO2 film, where the edges of pits ar
parallel to the@110# or @2110# directions of MgO substrate.~b! Schematic
representation of a spinell-MnO2 structure, where edge-shared octahed
forms a chain-shaped arrangement along@110# or @2110# direction of MgO







Besides the structural characteristics ofl-MnO2 films,
their magnetic properties were studied. Magnetization of
films was measured during warm up under the different co
ing conditions of field cooled~FC! and zero field cooled
~ZFC!. Figure 2 shows the dependence of the magnetiza
on temperature for various film thicknesses. The purity of
MgO substrate was such an impurity concentration 0.0
that small amounts of magnetic impurities might be co
tained. The magnetization contribution from the MgO su
strate should be eliminated. Therefore, the magnetiza
data from the film were corrected by subtracting the mag
tization of a MgO substrate with the same surface area as
film. As shown in Fig. 2, the resultant magnetization of t
films becomes minus or smaller at low temperature co
pared with that at high temperature paramagnetic part.
feature becomes obvious even in thinner films. We supp
it is induced by unrefined subtracting substrate magnetiza
due to different magnetization behaviors in MgO substra
before and after epitaxy. However, no matter what the ab
lute magnetization value is, two significant features can
observed in Fig. 2: the cusp located at 14–20 K~denoted as
T1! and the divergence point at 43 K~denoted as T2! in both
l
FIG. 2. Temperature dependence of magnetization on FC and ZFC run









































































353J. Appl. Phys., Vol. 90, No. 1, 1 July 2001 Guo et al.the ZFC and FC magnetization. In the following, the cu
behavior is discussed first.
As the film thickness increased from~a! to ~d! in Fig. 2,
T1ZFC~T1FC! for ZFC ~FC! run increased also from 1
~13!–20 K ~19 K!, that is similar to the phenomena usua
observed in magnetic metal films7,8 due to the effects of in-
terface and strain. In Fig. 2, three magnetization regions
seen clearly: region I.T,T1, region II, T1,T,T2, and
region III, T.T2. In region I, both FC and ZFC magnetiz
tion drop rapidly with lowing temperature, showing a typic
feature of long-range antiferromagnetic ordering. This f
ture is similar to the behavior of the bulk polycrystallin
sample, where the electronic spin arrangement is no
simple up and down and its spin unit cell is twice of t
lattice unit cell.2 However, the T1~14–20 K! of the films
was lower than that observed in bulk polycrystal at 32
which may be due to stronger exchange interactions betw
Mn ions in bulk. As mentioned above, lattice constant 8.04
of an acid leached bulk sample2 is smaller than 8.4 Å of the
films, which results in a stronger magnetic interaction amo
the nearest Mn ions in bulk than in the films. To understa
the dependence of the cusp feature on applied field, the
ceptibility of a 446 nm thick film corresponding to th
sample of Fig. 2~d! is measured in ZFC, as shown in Fig.
The sharp cusp was maintained up to a field of 500
Under higher field, the cusp becomes broad and its ce
shifted from 20 K at 500 Oe to 19 K at 2000 Oe. In additio
an inflective point at T2 is discernible up to a field of 10
Oe. The close dependence of susceptibility on applied fie
suggests that there is a strong field-induced magnetic an
ropy in thel-MnO2 films. Evidence to support this inferenc
is found in its magnetization hysteresis curves. The deta
studies of magnetization hysteresis behaviors at diffe
temperature will be published elsewhere.
Besides the T1, the T2 is observed in thel-MnO2 film,
which has never been observed in bulk polycrystall
l-MnO2. As seen in Fig. 2, when temperature is in region
the magnetic interaction of Mn ions is a long-range antif
romagnetic one. When temperature is in region III, the m
netic interaction is a paramagnetic one and the magnetiza
FIG. 3. Susceptibility data of a 446 nm film at different applied fields un





















of ZFC and FC overlaps. Therefore, it is reasonable to in
that region II should be a transition region for a short-ran
antiferromagnetic ordering developed to a long-range o
When temperature varied from T2 to T1, the size of t
clusters with short-range antiferromagnetic ordering wo
develop in expending of the paramagnetic parts. In Fig. 2~b!
and 2~c!, an abrupt increase in magnetization is seen clea
in the FC run. This indicates a weak long-range ferrom
netic interaction appearing among the clusters, in whic
short-range antiferromagnetic ordering might be still exis
due to the canting arrangements of the net spins in
cluster.10 The situation is similar to the magnetic behavior
Mn3O4 structure, since they contain the same octahedral-
Mn atoms. Therefore, we inferred that T2 is a magnetic tr
sition temperature for the onset of a short-range antife
magnetic ordering and also for a weak long-range ferrom
netic interaction among clusters. But, it should be poin
out that the short-range antiferromagnetic ordering
l-MnO2 film should not be a simple spin up and down a
rangement owing to a strong interaction among Mn io
whose sublattice is composed of a tetrahedral type arra
ment, which is a typical geometry frustrated configuration
Here, it should be explained why the T2 is observed o
in l-MnO2 single-crystal films. As well known, if a magne
tization process depends on its cooling history, there m
exist a long-range field-induced magnetic anisotropy.
polycrystalline sample, there is no long-range crystalline
dering owing to the disorder of crystal orientation amo
grains. Therefore, the T2, related to a weak long-range
romagnetic ordering, cannot be observed in polycrystall
sample. This conjecture is supported by an experimenta
ult from one of our samples in which a small amount
Mn3O4 phase was mixed in thel-MnO2 structure. Figure 4
showed the magnetization curve of this sample under Z
and FC cooling run. It is noted that a cusp (T1520 K) is
observed only, and the magnetization for ZFC and FC
verges at the cusp. This is very similar to the results of po
crystalline samples synthesized by acid leaching.2 Because
long-range crystalline ordering is destroyed in this mix
phase sample, its structural characteristic is similar to tha
a polycrystalline sample. Therefore, it can be well und
stood that why the T2 has not been observed in polycrys
line samples.
r
FIG. 4. Temperature dependence of the magnetization on FC and ZFC




















354 J. Appl. Phys., Vol. 90, No. 1, 1 July 2001 Guo et al.IV. CONCLUSIONS
In summary, high-qualityl-MnO2 single-crystal films
have been fabricated on MgO~001! substrates by plasma
assisted MBE. Two magnetic transition temperatures, T1
T2, are observed in thel-MnO2 single-crystal films. T1 is a
magnetic transition temperature for a long-range antife
magnetic ordering. T1 has a close correlation with strain
interface. T2 is a magnetic transition temperature for the
set of a weak long-range ferromagnetic ordering among c
ters with short-range antiferromagnetic ordering. Our exp
ments demonstrate that a metastable structure can be rea
using MBE by choosing a suitable substrate and well c
trolled growth conditions. Meanwhile, it reveals studies
high-quality single-crystal films will disclose more inhere
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